Abstract: Different kinds of vegetable oils and their methyl/ethyl esters have been tested in diesel engines. However, studies reporting the effects of tobacco seed oil and Tobacco Seed Oil Methyl Ester (TSOME) on emissions of diesel engines are limited. One of the most important issues is to investigate parameters that affect the yield of biodiesel and their interactions on emissions of a diesel engine. The Taguchi method is a useful tool for this purpose. Two different catalysts (KOH and NaOH), four different blends (B10, B20, B50 and B100) and four engine speeds were used during full-load tests. Optimal catalyst type, engine speed and TSOME blends on exhaust emissions were determined using Taguchi's technique. The Taguchi design method revealed that choosing right catalyst and the blend rate are important two factors in view of minimisation of pollutant emissions.
Introduction
Vegetable oils are renewable, non-toxic, biodegradable, and have low-emission profi les except for NOx (Hasimoglu et al., 2008; Altin et al., 2001; Karaosmanoğlu et al., 2000) . Signifi cant studies have been conducted on the effects of various raw vegetable oils, vegetables oil methyl/ethyl esters on diesel engines. While some researchers focused on the effects of vegetable oils and their esters on the performance (Nwafor and Rice, 1996; Sapaun et al., 1996; Mc Donnel et al., 2000) , some of the other studies have been focused on emissions characteristics of engine fuelled with vegetable oil methyl esters (Murayama et al., 1984; Scholl and Sorenson, 1993; Ali et al., 1995; Arregle et al., 1999) . Among them, Murayama et al. (1984) reported that vegetable oils and methyl ester of rapeseed oil offered lower smoke and oxides of nitrogen (NO X ) emissions. Scholl and Sorenson (1993) reported that carbon monoxide, oxides of nitrogen (NO X ) and smoke emissions were slightly lower for soybean ester than that of diesel, whereas hydrocarbon (HC) emission showed 50% reduction compared with diesel.
The effects of vegetable oil fuels and their methyl esters (raw sunfl ower oil, raw cottonseed oil, raw soybean oil and their methyl esters, refi ned corn oil, distilled opium poppy oil and refi ned rapeseed oil) on a direct injected, four stroke, single-cylinder diesel engine exhaust emissions was investigated by Altin et al. (2001) . Niemi et al. (2002) reported that the carbon monoxide emission was higher at all loads for different speeds with preheated-mustard oil as fuel. The authors concluded that emissions decreased with preheating the oil. Kalligeros et al. (2003) analysed the emission characteristics on a stationary diesel engine fuelled with sunfl ower oil methyl ester/diesel blends. They observed decreases in particulate matter, carbon monoxide, hydrocarbon and nitrogen oxide emissions. Dorado et al. (2003) tested the use of methyl ester of used olive oil as fuel in a direct-injection diesel engine. They reported that carbon monoxide, carbon dioxide, oxides of nitrogen and sulphur dioxide emissions decreased by 59%, 8.6%, 32% and 57%, respectively, and that the smoke emission was low. They concluded that the methyl ester of olive oil could be used as fuel. Labeckas and Slavinskas (2006) analysed the emission characteristics of four stroke, four-cylinder, direct injection, unmodifi ed, naturally aspirated diesel engine when operating on neat Rapeseed Methyl Ester (RPE) and its 5%, 10%, 20% and 35% blends with diesel fuel. They found that carbon monoxide, hydrocarbon and visible emissions decreased while an oxide of nitrogen emissions increased for methyl ester compared with diesel.
As can be seen from the literature, there are various kinds of vegetable oil methyl/ethyl esters, which were investigated their effects on performance and emission characteristics. Among them, Tobacco Seed Oil (TSO) was also considered as a potential alternative fuel for compression ignition engines (Parlak et al., 2009; Usta, 2005a Usta, , 2005b .
There is less study TSO and TSOME on performance and emissions has not been tested in diesel engines, yet. In studies conducted by Usta (2005a Usta ( , 2005b , blends containing TSOME in 10%, 17.5% and 25% proportions by volume were tested in a turbocharged-diesel engine for the engine loads of 50%, 75% and 100%. The author reported that maximum power was observed with 17.5% TSOME blend. The increases in brake power and thermal effi ciency were about 3% and 2%, respectively. The results also showed that the addition of TSOME to the diesel fuel reduced CO and SO 2 emissions while causing slightly higher NO X emissions. In his other study, the author reported that TSOME addition (up to 25% in volume) did not cause any signifi cant variation in the engine performance. On the contrary, the TSOME blends resulted in slightly higher torque and power than the diesel fuel at full load owing to its slightly higher density and viscosity.
Investigation of the parameters, which affects the yield of biodiesel on engine emissions of a diesel engine is important. The optimum operating parameters for a given system can be determined using experimental techniques but experimental procedure will be time consuming and expensive when the number of parameters is in the order of 20, 30, etc., like in the case of IC engines (Murugesan et al., 2009) . The most common optimisation techniques used for engine analysis are simplex method (Shroff and Hodgetts, 1974) , response surface method (Satake et al., 2008) , Artifi cial Neural Network (ANN) (Parlak et al., 2006) , Genetic Algorithm (GA) (Alonso et al., 2007) and Taguchi method. Taguchi's technique has been popular for parameter optimisation in Design of Experiments (DOE) for decades. Basic principle of Taguchi method is to develop an understanding of individual and combined effects of variety of design parameters from a minimum number of experiments (Savaş and Kayikci, 2007) .
Nowadays, some researches begin to use Taguchi method for optimisation in internal-combustion engines. Among them, Win et al. (2005) applied the Taguchi method for optimising the diesel engine operation and injection-system parameters for low noise, emission and fuel consumption. Anand and Karthikeyan (2005) applied Taguchi method to optimise engine design and operating parameters for improving the engine effi ciency without considering the combustion parameters. Murugesan et al. (2009) carried out an optimisation analysis of direct-injection diesel engine run by Jatropha biodiesel using a thermodynamic model in combination with Taguchi method.
However, there is no study using this technique in optimisation of some important factors affecting exhaust emissions of a diesel engines running with TSOME. In the experimental design, the parameters affecting the emissions are chosen as engine speed, catalyst type and the amount of TSOME in the blend. The conditions, which maximise the brake torque and the conditions, which minimise the brake-Specifi c Fuel Consumption (SFC) and exhaust emissions were investigated.
Materials and methods

Production of TSOME
Transesterifi cation method was used for producing TSOME. The weight of the oil, alcohol and catalyst was measured by 0.0001 g sensitivity. Base catalyst was chosen because acid value is found about around 1% in the oil analyses. Methyl alcohol in 99% purity was used for transesterifi cation process. Measured and premixed methyl alcohol and catalysts (KOH and NaOH) mixtures were poured on glass beaker, then the catalyst is stirred until all catalyst was completely resolved with alcohol. After TSO was heated up to desired temperature, the prepared alcohol-catalyst mixture was added to TSO to start the transesterifi cation reaction by using the heating bath and glass balloon (1 lt) of Buchi rotary evaporator. The temperature sensitivity of the heating bath was ± 0.1°C. The mixture was stirred for 1 h and then it was taken into the separatory funnel and waited until ester-glycerin separation is taken place.
After the separation process, glycerin, which was moved to bottom of the separatory funnel was removed. It is necessary to clean the TSOME by sterile purifi ed water to separate remaining glycerin, mono-and di-glycerides. Hot-sterile purifi ed water was added to TSOME in the separatory funnel for the cleaning process, then the separatory funnel was shaken upside down by repeating four times. After this process, TSOME-Water mixture was left to settle for 12 h and then pure water and glycerin glimmers were removed from the separatory funnel. After all these stages, remaining TSOME was separated from all of the unwanted particles by using a centrifuge separatory device called NUVE NF400 at 4000 rpm and 3600 RCF for 1 h. Finally, TSOME sample was dried by heating up to 110 °C for 30 min. Table 1 shows the analysis of methyl ester.
Experimental setup
The engine was a single cylinder, naturally aspirated, four strokes, and water cooled, direct injection, diesel engine with a bowl in piston-combustion chamber. In line type high-pressure injection pump and hole type spring-loaded injector were used in the fuel system. Test setup is shown in Figure 1 . Table 2 the specifi cations of the engine are given in. A load cell with the precision of 0.1 N was used for measuring brake load. Full-load tests were conducted with the engine speeds of 1200, 1400, 1600, 1800, 2000, 2200 and 2400 rpm at constant static injection timing of 35° Crank Angle (CA), Before Top Dead Centre (BTDC). The fuel consumption is measured by an electronic controlled balance with the precision of ±0.1 g. At each operating condition, the dynamometer load, speed, fuel and airfl ow rates were recorded after allowing suffi cient time for the engine to stabilise. All the total uncertainties of performance characteristics are calculated. The accuracies and total uncertainties of characteristics calculated with respect to measured values are shown in Table 3 . After the load tests were conducted for the standard engine with injection timing of 35 CA, the same test sequence was conducted for the engine tests with TSOME blends of 10%, 20%, 50% and 100% on mass base. 
Design of experiment
The present experiments were designed to apply the Taguchi's methods to establish the effects of two catalysts, fi ve TSOME blending rates and four engine speeds for the purpose of determining optimal conditions of the exhaust emissions. The three design parameters (factors) and their levels are given in Table 4 . Optimum experimental conditions, which maximise the brake torque and minimise the emissions of SFC, NOx, CO, CO 2 , HC and smoke were determined by Taguchi's methods. In experimental design, as the effects of engine speed on performance is well-known in comparison witht the catalyst types and the amount of TSOME in blend, four engine speeds, which is important for the engine performance are selected. Basic principle of Taguchi method is to develop an understanding of individual and combined effects of variety of design parameters from a minimum number of experiments. Taguchi method uses a generic Signal-to-Noise (S/N) ratio to quantify the present variation. There are several S/N ratios available depending on the type of characteristics including 'Lower is Better' (LB), 'Nominal is Best' (NB), and 'Higher is Better' (HB). Since the lower SFC and exhaust emissions are vital in the engine tests, the S/N ratio for the LB characteristics is related to the present study, which is given by
Similarly, higher-brake torque are vital in the engine tests, the S/N ratio for the HB characteristics is given as following, which is given by Savaş Kaykci (2007) S/N = -10log 2 1 1 1
where n is the number of repetition in a trial under the same design conditions, y i represents the measured value, and subscript i indicates the number of design parameters in the Orthogonal Array (OA). In the Taguchi method, a design parameter (factor) is considered to be signifi cant if its infl uence is large compared with the experimental error as estimated by the Analysis of Variance (ANOVA) statistical method given by equations (3)- (7) shown below. If this is the case, the design parameter is a critical factor in determining the optimal solution to the design problem:
where, SS T is the sum of squares owing to total variation, N is the total number of experiments, SS A represents the sum of squares owing to factor A, K A is number of levels for factor A. A i stands for the sum of the total ith level of the factor A, n Ai is the number of samples for ith level of factor A. T is the sum of total (S/N) ratio of the experiments, v is the degrees of freedom, V factor is the variance of the factor, SS factor represents the sum of squares of the factor and F factor is the F ratio of the factor. In Taguchi methods, the levels of factors given in the ANOVA are meaningful according to 90% and 99% confi dence intervals. Design of experiments is composed considering these confi dence limits. Required the minimum experimental layout according to Taguchi methods are given in Table 5 . 3 Results and discussion
Determination of optimal operation conditions by Taguchi method
In this study, the effects of using TSOME blends, which is yielded for KOH and NaOH catalyst on exhaust emissions of a direct-injection diesel engines are studied. To investigate the factors of catalyst type, engine speed and mass base TSOME percentage in the blend (blending rate), Taguchi's methods were used. B10, B20, B50 and B100 blends of TSOME on exhaust emissions were tested for comparison with data of standard-diesel engine. Two different catalysts (KOH and NaOH) and four different blends were used during full-load tests. Optimal catalyst type, engine speed and TSOME blend affecting emissions of diesel engine were determined using Taguchi's technique. Although the engine was tested for seven engine speeds for full-load testing, four engine speeds was only taken for experimental design and in determining optimal conditions for performance as the solution is rather simplifi ed.
Experiments were designed considering the requirements of the increase in the brake torques and the necessity of lowering the SFC and exhaust emissions. Table 6 shows ANOVA for the parameters considered. According to the results of ANOVA, it is shown that engine speed, blending rate and catalyst type affects the SFC within a 99% confi dence level. The effect of blend rate on SFC, brake torque and brake power are found meaningful comparing with the others factors. Table 7 shows S/N values of the factors according to experimental layout designed by Taguchi methods. Observed values in the table are the real values, which were calculated using the experimental data. According to Taguchi techniques, to determine the optimal conditions and to compare the results with the expected conditions, it is necessary to perform a confi rmation experiment. If the generated design fails to meet the specifi ed requirement, the process must be reiterated using a new system until the required criteria are satisfi ed.
Exp. no. Table 7 Experimental layout and results with calculated S/N ratios for performance and emission parameters
In the study, the required confi rmation tests were done and the results were found completely confi dence with the observed values.
Brake torque and specifi c fuel consumption
Optimal conditions were determined by using Taguchi method for brake power. As the generated design has not been included in the main experimental layout, the process was re-iterated until the required criteria are satisfi ed. After confi rmations test carried out in 99% confi dence level, the optimum design parameter (factor) combination were found as A 1 B3C 3 (KOH-2200d/d-B50) for brake torque and as A 1 B 2 C 1 (NaOH-1400 rpm-B10) for SFC. Figures 2 3 show S/N values of factor levels for the brake torque and SFC. Since this combination of design parameter had already been included in the main experimental layout (see Experiment 7 in Table 5 ) there was no need to carry out an extra confi rmation experiment. According to the ANOVA, catalyst type and blend rate of TSOME are meaningful within 99% confi dential level. Higher torque was obtained with KOH catalyst and B50 TSOME blend. Similarly, lower SFC was measured with KOH catalyst and B10 TSOME. 
Exhaust emissions
According to ANOVA in Table 6 , catalyst type and blend rate are signifi cant on NOx emissions within 95% and 90% confi dence level, respectively. The catalyst type and TSOME blend rate strongly affect NOx, HC and CO above 90% confi dence level. The effect of catalyst type on smoke emission is not observed above 90% confi dence level. The change of NOx strongly depends on the engine speed. ANOVA confi rm that engine speed affect the NOx emissions within 99% confi dence limit. Same effects were observed with the pollutant emissions of HC, CO within 99% confi dence level. However, the effects of TSOME blend on emissions were meaningful within 90% confi dence level. S/N values of factor levels of smoke, NOx, HC, CO and CO 2 emissions for B10, B20, B50, B100 blends of TSOME are shown in Figures 4-8 . After confi rmations test carried out in 99% confi dence level, the optimum design parameter (factor) combinations were found as A 2 B 4 C 4 (NaOH-2000d/d-B100) for smoke, HC and CO, A 2 B 1 C 1 (NaOH-1000 rpm-B10) for NOx and A 1 B 1 C 3 (KOH-1000 rpm-B50) for CO 2 . While maximum performance was obtained with KOH catalyst, the lowest emissions were found with NaOH catalyst except CO 2 . 
Conclusions
The present study has applied the Taguchi method to investigate the three well-known factors on the performance parameters. The conditions that maximise the brake torque and the conditions that minimise the brake-SFC and emissions were investigated. The conclusion of this study can be summarised as follows:
• The Taguchi design method revealed that choosing right catalyst type and blend rate are important in view of maximisation of brake torque and minimisation of SFC increase rate and exhaust emissions.
• Although KOH is found the better catalyst for brake torque, NaOH is the better catalyst for SFC and emissions.
• The ANOVA results indicated that TSOME contributed to increase combustion effi ciency up to 50% blend in the mixture. This reason caused to increase the performance in the blends of 10%, 20% and 50% blends. This effect also caused to decrease smoke, HC and CO emissions.
• As the oxygen content in fuel blend increased, the heat content of the blend decreased considerably and these factors led to decrease performance and decrease SFC for 100% TSOME.
• Taguchi method is a powerful tool for experimental design so as to minimise the number of experiments that need to be conducted. The method reveals interactions among the factors affecting the performance parameters and optimal conditions for the performance.
